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Abstract The aim of the present study was to test the
ability of the chemotherapeutic agent suramin to inhibit
angiogenesis in experimental models in vitro and in vivo.
In the culture of rat aortic rings on fibronectin, suramin
dose-dependently inhibited vascular cell growth,
achieving the maximal effect (mean — 88% versus con-
trols, P < 0.05) at 400 pg/ml. Image analysis showed
that suramin could inhibit microvessel sprouting in fi-
brin from rat aortic rings as evaluated by the ratio be-
tween the cellular area and the mean gray value of the
sample (sprouting index); suramin at 50 pg/ml signifi-
cantly reduced the sprouting index from the control
value of 0.35 + 0.04 to 0.14 + 0.02 mm?/gray level
(P < 0.05). Likewise, the area occupied by cells was
19.2 + 1.8 mm? as compared with 41.8 + 4.2 mm? in
controls (P < 0.05). In the rat model of neo-
vascularization induced in the cornea by chemical inju-
ry, suramin at 1.6 mg/eye per day reduced the length of
blood wvessels (0.7 £ 0.1 mm as compared with
1.5 £ 0.1 mm in controls, P < 0.05). In the same
model the ratio between the area of blood vessels and
the total area of the cornea (area fraction score) was
decreased by suramin from 0.19 £+ 0.02 in controls to
0.03 £ 0.003 (P < 0.05). Suramin given i.p. at 30 mg/
kg per day markedly inhibited the neovascularization
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induced in the rat mesentery by compound 48/80 or
conditioned medium from cells secreting the angiogenic
protein fibroblast growth factor-3 (FGF-3). The area
fraction score in control rats treated with compound
48/80 was 0.31 £ 0.03, and this was reduced to
0.07 = 0.01 by suramin (P < 0.05). After i.p. admin-
istration of FGF-3 the area fraction score was reduced
by suramin from 0.29 + 0.03 to 0.05 = 0.01 (P <
0.05). These results provide evidence that suramin exerts
inhibitory effects on angiogenesis in both in vitro and in
vivo models.
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Introduction

Angiogenesis, the development of new capillaries from
preexisting blood vessels, is a complex process involving
extensive interplay between cells, soluble factors, and
extracellular matrix components. Neovascularization is
controlled by the balance between stimulatory and in-
hibitory factors and by the interaction of endothelial
cells with their microenvironment, particularly with the
proteoglycans of the extracellular matrix (for a review
see Cockerill et al. [6]). The imbalance toward stimula-
tory factors, including vascular endothelial growth fac-
tor (VEGF), basic fibroblast growth factor (bFGF), and
platelet-derived growth factor (PDGF), may result in the
formation of a pathologic blood vessel network, a dis-
tinctive feature of malignant tissue. Indeed, the prolif-
eration of a neoplasm might be sustained in part by the
paracrine or autocrine stimulation of tumor cells by
growth factors and matrix proteins released by the
proliferating capillary endothelium or tumor cells and
by the delivery of an adequate blood supply (for a review
see Folkman [15]).

Suramin, a symmetric polysulfonated naphthylurea,
was introduced into clinical use for the treatment of
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onchocerciasis [18]. More recently, suramin has been
investigated as an antineoplastic drug for the treatment
of adrenal [22] and prostate cancer [23]. Suramin an-
tagonizes several growth factors in vitro, including
PDGF [20], insulin-like growth factor I (IGF-1) [32],
epidermal growth factor (EGF) [28], bFGF [7], trans-
forming growth factor-p (TGF-B), and VEGF [27].
Furthermore, suramin inhibits several enzymatic sys-
tems such as topoisomerase II, protein kinase C, DNA
polymerase, ATPase, phosphoinositol kinase, and diacyl
glycerol kinase [35].

Because of the key role of angiogenesis in tumor
growth, the use of pharmacologic inhibitors of neo-
vascularization is of great interest for the treatment of
human cancer. The effect of suramin on angiogenesis has
been documented in the chick chorioallantoic membrane
(CAM) assay [16, 31] and in mice bearing the bFGF-
secreting reticulosarcoma M 5076 [31]. The data pre-
sented in the literature, however, derive from a limited
number of experimental models of angiogenesis, espe-
cially in the CAM assay, and offer a restricted view of
the therapeutic potential of suramin in the management
of pathologic neovascularization. To improve the exist-
ing knowledge on the chemotherapeutic activity of sur-
amin and to characterize in more detail its anti-
angiogenic potential, we tested this drug on in vitro and
in vivo rat models of neovascularization.

Materials and methods

Materials and animals

Cell culture media and supplements, compound 48/80, and all other
chemicals not listed in this section were obtained from Sigma
Chemical Co. (St. Louis, Mo., USA). Plastics for cell culture were
supplied by Costar (Cambridge, Mass., USA). The MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay kit
(Cell Titer 96) was purchased from Promega (Madison, Wis.,
USA). Suramin was obtained from Bayer (Leverkusen, Germany)
and was dissolved in 0.9% NaCl as a vehicle before use. AgNO3/
KNO; (75:25, w/w) applicators were purchased from Graham-
Field Surgical (New Hide Park, N.Y., USA). Female Wistar rats
weighing 200-250 g were obtained from Nossan (Milan, Italy) and
were allowed unrestricted access to food and tap water; their care
and handling were undertaken in accordance with the recommen-
dations of the European Economic Community on animal experi-
mentation.

Aortic sprouting on fibronectin

The procedure described by Diglio et al. [12] was followed in the
present study. In brief, rats were anesthetized by intraperitoneal
injection of urethane (1 g/kg) and a thoracotomy was performed.
The thoracic aorta was excised and, after the removal of adventitia,
I-mm-long rings were cut. The bottom of each well of sterile 96-
well cluster plate was coated with 20 ng of fibronectin and the rings
of aorta were positioned in the center of each well containing 150 pl
of Dulbecco’s modified Eagle’s medium (DMEM) containing 10%
fetal bovine serum (FBS) and suramin at 50-400 pg/ml or drug
vehicle. Explants were then incubated at 37 °C in an atmosphere
containing 5% CO, for 7 days. The aortic rings were then removed
and cell proliferation was estimated by the MTT assay by reading
of the absorbance at 570 nm with a model 450 Microplate Reader

(Biorad, Richmond, Calif., USA). The percentage of reduction in
cell proliferation relative to controls was expressed as the mean
value + SE of three independent experiments.

Aortic sprouting in fibrin gel

The method described by Nicosia and Ottinetti [24] was adopted
with minor modifications. In brief, the bottom of each well of a 24-
well cluster plate was coated with 1.2 mg of fibrinogen and 0.5 NIH
U of thrombin dissolved in 400 pl of serum-free medium. After the
fibrin gel had formed, the rings of aorta, obtained as described
above, were embedded in the center of the matrix by an additional
400 pl of clotting fibrinogen. Next, 1 ml of DMEM medium
supplemented with 10% FBS was added to each well and the
cultures were incubated at 37 °C in an atmosphere containing 5%
CO,. e-Aminocaproic acid was added to the culture medium at
300 pg/ml during the first 3 days, followed by 50 pg/ml for the
remainder of the experiment, to inhibit fibrinolysis. The explants
were treated with suramin at 50-800 pg/ml; the drug was added to
the culture medium at the beginning of the 4th day of culture and
was left until the end of the experiment (10th day); controls
received DMEM medium only. Ten rings of aorta per treatment
were photographed with a phase-contrast Leitz MD IL microscope
(Leica, Heerbrugg, Switzerland) for image analysis.

Angiogenesis in the rat cornea induced by chemical injury

The experimental procedure of Proia et al. [33] was used with minor
modifications. In brief, rats were deeply anesthetized with ether and
both corneas, as previously described by Culton et al. [9], were
cauterized with an AgNO;/KNO; applicator for 7 s at a 3-mm
distance from the corneoscleral limbus, which was followed by a
single topical application of erythromycin ointment on the surface
of the cornea [10]. Rats were treated 30 min later with a solution
containing suramin at 10 mg/ml in ophthalmic vehicle (0.9% NaCl
and 2.5% carboxymethylcellulose); treatments were done four
times daily for a total dose of 1.6 mg/eye per day; control rats
received vehicle only. After 6 days of treatment, each rat was killed
by i.p. injection of 1 g/kg urethane; the upper body was perfused
with 50 ml of Ringer’s solution and then with 20 ml of a mixture of
11% gelatin and 10% filtered India ink in Ringer’s solution. The
gelatin mixture within the blood vessels was solidified by freezing of
the eyes by dichlorodifluoromethane. Samples of cornea were fixed
in 10% phosphate-buffered formaldehyde (pH 7.4) for 24 h, and
three full-thickness peripheral radial cuts were made to allow flat-
tening of the cornea. The samples were placed on a glass slide in
mounting medium for microscopy, and ten images of corneas per
treatment were photographed for image analysis. In this model a
marked immunostaining to bFGF is obtained after 12 and 24 h [3].

Angiogenesis in the rat mesentery induced by compound 48/80

The mast-cell-degranulating compound 48/80 is a condensation
product of p-methoxy-N-methylphenethylamine with formalde-
hyde and is highly angiogenic when injected i.p. in the rat [26]. In
brief, compound 48/80 was given i.p. twice daily to animals starting
at 1 mg/kg, and the dose was increased by 1 mg/kg daily to reach
5 mg/kg; control rats received vehicle alone. Suramin at 30 mg/kg
per day was injected i.p. starting from the Ist day of compound
48/80 challenge; the treatment with suramin was well tolerated as
demonstrated by observations of body weight and food intake. At
the end of the study, animals were killed by anesthetic overdose and
the peritoneal cavity was exposed. Three mesenteric windows, the
triangular portions of mesentery delimited proximally by the vas-
cular branches of mesenteric vessels and distally by the small bowel,
were randomly dissected from each of ten animals after ligation of
the vascular peduncle and were photographed with a Leitz ste-
reomacroscope (Leica, Heerbrugg, Switzerland) for image analysis.



Angiogenesis in the rat mesentery induced by conditioned medium
of MCF-10A"" cells

Conditioned medium from inz-2-transfected MCF-10A cells (MCF-
10A™"?) has been shown to induce neovascularization in the rat
mesentery [8]. In brief, MCF-10A™" cells were grown at 60-70%
confluence for 5 days in DMEM/F-12 medium (1:1) containing
10% horse serum. The culture medium was collected and centri-
fuged at 2000 g for 10 min, and 1 ml was injected i.p. into rats
twice daily for 10 days. Animals received i.p. suramin at 30 mg/kg
per day for 10 days concurrently with conditioned medium injec-
tion, and at day 11 the rats were killed by injection of 1 g/kg
urethane and laparotomized. Three mesenteric windows were
randomly dissected from each of ten animals as described above
and were photographed with a Leitz stereomacroscope (Leica,
Heerbrugg, Switzerland) for image analysis.

Image analysis and data processing

Photographs obtained from the angiogenesis assays were digitized
in a 512 x 512-pixel matrix using a color video camera TK-1280E
(JVC, Tokyo, Japan) and a microcomputer processor. Digitized
pictures were visualized on a high-resolution color display (Sampo,
Tao-Yuan Hsien, Taiwan). The true-color image-analysis software
package KS 300 v.1.2 (Kontron Elektronik GmbH, Eching, Ger-
many) was run for interactive manipulation, quantification of the
images, and data collection. Geometric calibrations were set with a
sample of known dimensions, and a gray-scale analysis was per-
formed to measure the density of the image that was in the range of
0-255, where 0 was black (presence of vascular structures) and 255
was white (absence of vascular structures). The threshold levels for
each sample were set interactively by the software in the respective
red, green, and blue (RGB) image partitions that form the full-
color image. The area occupied by the vessels was calculated by the
computer in a binary picture that resulted after application of the
RGB-discrimination step.

In the fibrin culture of aortic rings the average length of mic-
rovessel sprouts was calculated as measured from the explant to the
farthest edge of cell growth. The mean gray level of the sprouting
area was then measured and the parameter sprouting index was
defined as:

Sprouting index =Sprouting area/Mean gray level of sprouting area.

To evaluate the neovascularization of the injured rat corneas we
used the interactive threshold method. The area of the whole cor-
nea was measured with a freehand command and the area fraction
score was obtained as follows:

Area fraction score = Area of new blood vessels/Overall area

of the cornea.

The contour of blood vessels invading the cornea from the corneo-
scleral limbus was enhanced with a sharpening filter, which was used
twice to enhance the contrast of adjacent pixels, and with a smoothing
filter to eliminate extraneous noise in the image. The vessel length was
then measured by assessment of the nonlinear distance between two
points. In the digitized images of mesenteric windows the area frac-
tion score was interactively calculated as follows:

Area fraction score = Area of new blood vessels/Overall area

of the mesenteric window.

The results (mean values + SEM for n observations) of MTT
assays and image analysis were subjected to statistical analysis by
analysis of variance (ANOVA) followed by the Student-New-
man-Keuls test; the level of significance was set at P < 0.05. The
50% inhibitory concentration (ICsg) of suramin on aortic
sprouting was calculated by nonlinear least-squares fitting of the
data using a computer program (GraphPad PRISM, San Diego,
Calif., USA).
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Fig. 1 Inhibition by suramin of vascular cell growth on fibronectin
in the rat aortic ring explant assay. The proliferation of
microvascular-like sprouts treated with suramin was estimated by
the MTT assay and expressed as a percentage of control values.
Data represent mean values for 3 independent experiments = SE
(vertical bars). *P < 0.05 versus controls

Results
Suramin inhibits aortic sprouting on fibronectin

Aortic rings formed microvascular-like sprouts after 4
days in culture; the sprouts were composed of overlap-
ping vascular cells that extended radially from the ex-
plants and grew on the fibronectin-precoated surface of
plastic wells. The attachment, proliferation, and migra-
tion of cells were greatly improved by precoating with
fibronectin as compared with uncoated wells. The vas-
cular cell population was composed of smooth-muscle
and endothelial cells that proliferated rapidly for 4 days
after the explant and formed a monostrate on the sur-
face of the culture microwells, reaching a plateau at the
7th day. Treatment with suramin resulted in a concen-
tration-dependent inhibition of the proliferation rate of
vascular cells; their growth in the presence of suramin at
400 pg/ml was 2 £ 3.4% of the control value (n = 3,
P < 0.05; Fig. 1). The mean ICs, of suramin on vas-
cular cell proliferation was 17.7 = 1.4 pg/ml.

Suramin inhibits aortic sprouting in fibrin gel

The aortic sprouting within the fibrin matrix was
characterized by numerous microvessels around the
aortic ring (Fig. 2, left). Maximal growth of the three-
dimensional microvascular network occurred during
the Ist week and reached a plateau at 10 days after the
explant (Fig. 2, left). Vascular cells organized radially
to form microvessels that underwent continuous re-
modeling. Suramin markedly inhibited the production
of new microvessels by producing a decrease in the
density and length of vascular sprouts (Fig. 2, right).
The inhibition was concentration-dependent; at a sur-
amin concentration of 50 pg/ml the sprouting index
was 0.14 + 0.02 as compared with 0.35 + 0.04 mm?/
gray level in controls, and this value decreased to
0.014 + 0.01 mm?/gray level on treatment of rats with
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Fig. 2 Microscopic picture of a representative sample of aortic ring
embedded in fibrin that shows microvessel structures extending
radially from the explant (left, arrowheads). Suramin at 400 pg/ml
markedly reduced the proliferation and migration of vascular cells
within the extracellular matrix (right, arrowheads) (AR Aortic ring).
Bars 1 mm

suramin at 400 pg/ml (n = 10, P < 0.05 versus con-
trols), with the calculated 1Csq being 36.8 + 2.9 pg/ml.
The area occupied by cells was 19.2 &+ 1.8 mm~ as
compared with the control value of 41.8 + 4.2 mm?,
and this area diminished to 2.4 + 0.2 mm’ following
suramin administration at 400 ug/ml (n = 10, P <
0.05 versus controls). As measured from the aortic ring
to the farthest edge of microvessel growth, the radius
was 1.5 £ 0.2 mm at a suramin concentration of
50 pg/ml as compared with 2.8 £ 0.3 mm in controls,
and this value was reduced to 0.34 £ 0.04 mm fol-

lowing treatment with suramin at 400 pg/ml (n = 10,
P < 0.05 versus controls; Fig. 3).
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Fig. 3 Inhibition by suramin of aortic sprouting within the fibrin
extracellular matrix. The effect of suramin is expressed by the area
occupied by cells, the radius, and the sprouting index. Points
represent mean values for 10 experiments +SE (vertical bars).
*P < 0.05 versus controls

Suramin inhibits angiogenesis in the rat cornea
induced by chemical injury

Angiogenesis following chemical damage by AgNO;/
KNO; was characterized by numerous vessels origi-
nating from the limbar vascular arcades and invading
the adjacent cornea after 2-3 days. The pericorneal
vessels were dilated and showed tortuosities, and the
conjunctive appeared thickened and edematous. Vessels
continued to grow toward the burned area, and after 6
days a dense vascular network extending from the
corneoscleral limbus to the cauterized site was observed
in the corneas of control animals (Fig. 4, left). In the
presence of suramin, vascular sprouts were reduced in
number and their spread was limited to the cornea
adjacent to the scleral limbus (Fig. 4, right). The mean
length of new blood vessels was 1.5 £ 0.1 mm in
corneas of control rats (Fig. 5); in contrast, topical
treatment with suramin at 1.6 mg/eye per day was as-
sociated with a marked reduction in the length of new
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Fig. 4 Angiogenesis in the AgNO;/KNOj-cauterized cornea of
control rats. Numerous blood vessels originating from the limbar
vascular arcades invade the adjacent avascular cornea toward the
site of cautery (left, arrowheads). Inhibition of corneal angiogenesis
by suramin applied at 1.6 mg/eye per day for 6 days (right). Few
vessel loops penetrate into the cornea (arrowheads) (S Sclera, C
cornea, asterisk lesion). Bars 3 mm

Fig. 6 Stereomacroscopic appearance of a mesenteric window of a
rat treated twice daily for 5 days with compound 48/80. New large
blood vessels (arrowheads) invaded the thickened mesentery with
numerous dilations, tortuosities, and hemorrhages (lef?). In a rat
treated with compound 48/80 and suramin at 30 mg/kg per day,
few vessels grew within the mesentery (right, arrowheads) (MW
Mesenteric window, SB small bowel). Bars 1 mm

Fig. 8a,b Stereomacroscopic appearance of a mesenteric window
of a rat treated i.p. twice daily for 10 days with conditioned
medium from int-2-infected MCF-10A cells. A dense capillary
network (arrowheads) originating from the main mesenteric vessels
developed through the stromal layer of the mesentery (lef?). In the
rat treated with conditioned medium and suramin at 30 mg/kg per
day, few capillaries invaded the mesenteric window (right) (MV
Mesenteric vessel, MW mesenteric window, SB small bowel). Bars
1 mm



blood vessels growing toward the Ilesion (0.7 +

0.1 mm, n = 10, P < 0.05 versus controls; Fig. 5). In
this model the area fraction score of controls proved to
be 0.19 £ 0.02; after topical administration of suramin
the area fraction score decreased to 0.03 £+ 0.003
10, P < 0.05 versus controls; Fig. 5).

(n =
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Suramin inhibits angiogenesis in the rat mesentery
induced by compound 48/80

In the mesentery of normal rats, blood vessels are
macroscopically undetectable and small vascular
structures can be detected only by microscopy. Intra-
peritoneal administration of compound 48/80 induced
the formation of new large blood vessels within a
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Fig. 5 Inhibition of angiogenesis by suramin in the rat cornea after
chemical damage. The inhibition of angiogenesis was measured by
the blood vessel length and the area fraction score. Columns
represent mean values for 10 experiments +SE (vertical bars).
*P < 0.05 versus controls

thickened mesentery (Fig. 6, left). Vascular growth was
associated with hemorrhages of the peritoneal lining,
and the new blood vessels presented numerous dilations
and tortuosities (Fig. 6, left). After i.p. administration
of suramin at 30 mg/kg per day, a few vessels pene-
trated into the mesentery and formed short loops
(Fig. 6, right). The mean area fraction score in control
rats treated with compound 48/80 was 0.31 + 0.03
(Fig. 7); in suramin-treated animals this parameter was
reduced to 0.07 £ 0.01 (» = 10, P < 0.05 versus
controls; Fig. 7). The mesentery of rats injected with a
solution of 0.9% NaCl presented normal, avascular
membranous mesentery after the same period of
treatment.
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Fig. 7 Inhibition of neovascularization by suramin in the rat
mesentery after i.p. injections of compound 48/80 or conditioned
medium from MCF-10A""? cells. The inhibitory effect of suramin
at 30 mg/kg per day was quantified by the area fraction score.
Columns represent mean values for 10 experiments +SE (vertical
bars). *P < 0.05 versus compound 48/80; **P < 0.05 versus
conditioned medium from MCF-10A™" cells
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Suramin inhibits angiogenesis in the rat
mesentery induced by conditioned medium of
MCF-10A"" cells

A dense capillary network originating from the preex-
isting branches of the mesenteric blood vessels devel-
oped through the stromal layer of the mesentery after
i.p. injection of conditioned medium from MCF-10A""?
cells (Fig. 8, left). At variance with the angiogenesis in-
duced by compound 48/80, hemorrhages were not de-
tected (Fig. 8, left). The antiangiogenic effect of suramin
given i.p. at 30 mg/kg per day was demonstrated by the
presence of a few capillaries confined to the perivascular
fat tissue with marginal involvement of the mesenteric
windows (Fig. 8, right). In control rats the area fraction
score was 0.29 + 0.03; i.p. treatment with suramin sig-
nificantly reduced this parameter to 0.05 = 0.01 (n =
10, P < 0.05 versus controls; Fig. 7).

Discussion

The pharmacologic suppression of angiogenesis is an
important field of investigation for the development of
novel anticancer agents targeting the vascular endotheli-
um and being potentially effective against a wide variety
of human tumors [13]. Although the chemotherapeutic
activity of suramin in the treatment of some malignancies,
particularly prostate cancer, is well established, the inhi-
bition of angiogenesis by this drug has been obtained in a
limited number of experimental models, particularly the
CAM assay [17]. The present study provides evidence that
suramin is an angiogenesis inhibitor in both in vitro and
in vivo models, including aortic sprouting, chemically
injured rat cornea, and neovascularization in the rat
mesentery as induced by compound 48/80 and medium
from cells secreting FGF-3.

For assessment of the direct inhibitory effect of the
drug on the proliferation of normal vascular cells, sur-
amin was tested on two different models in vitro: the
culture of aortic rings on fibronectin and their cultiva-
tion in fibrin. Furthermore, these models offer the ad-
vantages of better control of experimental conditions,
including the concentration and time of drug exposure,
and allow the construction of a concentration effect plot.
In the first method, suramin was found to suppress
vascular sprouts at concentrations starting from
50 pg/ml and ranging up to 400 pg/ml. This cytotoxic
effect is in agreement with previous reports showing
inhibition of the proliferation of bovine microvascular
endothelial cells [30] and rabbit aortic smooth-muscle
cells [2] by suramin. The antiproliferative effect of sur-
amin could be dependent on its ability to block several
enzymatic systems involved in cell proliferation, such as
DNA polymerase o and §, ATPase, and nuclear DNA
topoisomerase II [35]. In addition, suramin has been
shown to inhibit the biologic activity of PDGF, a potent
mitogen for smooth-muscle cells [20] that participates in
angiogenic processes.



The aortic ring model in fibrin offered the possibility
to study the vascular cell growth in a three-dimensional
extracellular matrix, where cells migrate and produce
microvessel-like structures that interact with the fibrin
microenvironment. In this model, suramin produced a
marked reduction in microvessel formation, which could
be explained by the suppression of endothelium-medi-
ated proteolysis of the matrix [30]. Indeed, suramin has
been shown to suppress the production of the urokinase-
type plasminogen activator (uPA), a protease required
for endothelial cell migration in bovine capillary endo-
thelial cells [30, 37]. In the present study the pharma-
cologic inhibition of vascular cell proliferation in vitro
was confirmed in experimental models of angiogenesis in
vivo. Suramin significantly reduced neovascularization
in the rat cornea after chemical injury as well as in mes-
entery exposed to injections of compound 48/80 and
conditioned medium from MCF-10A™" cells secreting
the angiogenic factor FGF-3.

The cornea assay is a valid method for evaluation of the
effect of drugs and growth factors affecting angiogenesis
[25]. The mechanisms of corneal angiogenesis have been
extensively studied, and various mediators appear to be
involved in this process, particularly bFGF [1], a mito-
genic factor for endothelial cells [19]. The production of
bFGF in the corneal epithelium was significantly en-
hanced after chemical cauterization, and the increase
appeared to be time-dependent. Corneas sampled from
eyes at 12 h after the cautery displayed positive bFGF
immunostaining, which was significantly increased in
these eyes as compared with undamaged corneas [3]. The
release of bFGF may represent the signal for the devel-
opment of a capillary network as reported for inflamma-
tory macrophages [36]. In the present study, topical
administration of suramin inhibited corneal angiogenesis
induced by chemical damage, in agreement with a pre-
vious investigation using the corneal micropocket tech-
nique containing bFGF as the angiogenic stimulus [37].
When bFGF was complexed with heparin the effect was
not observed [37], confirming the hypothesis that suramin
exerts its activity through interaction with heparin-bind-
ing growth factors, particularly bFGF.

These findings could be explained on the basis of the
polyanionic structure of suramin, which seems to be
essential for the interaction with various heparin-bind-
ing growth factors [14] and for inhibition of the inter-
action of bFGF with its receptors [4, 7]. Indeed, suramin
can remove the growth factors bound to low-affinity
matrix-binding sites and to high-affinity receptors in
bovine aortic endothelial cells [34].

Other charged molecules show the capacity to bind
and inactivate angiogenic growth factors. The sulfonic
derivatives of dystamicin A prevent the binding of bFGF
and PDGF-B to their receptors in vitro and tumor an-
giogenesis in vivo [5]. Protamine, a 4.3-kDa arginine-rich
cationic protein, binds heparin, inhibits endothelial cell
migration and proliferation in vitro, and produces a de-
crease in tumor neovascularization in vivo [13].
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The findings of this study indicate that suramin might
interfere with the early stages of angiogenesis as previ-
ously described in the CAM [11], most likely via its
ability to bind and inactivate angiogenic heparin-bind-
ing growth factors as demonstrated in the rat mesentery
model of neovascularization induced by FGF-3, a po-
tent angiogenic peptide [8]. In addition, suramin has
been shown to be capable of reducing the in vivo growth
of the murine M5076 sarcoma secreting bFGF, with
maximal activity being observed when the compound
was given from the 1st day after tumor transplant, thus
supporting the hypothesis that the drug binds to and
inactivates bFGF [31]. In the present study, suramin was
capable of inhibiting the mesenteric angiogenesis in-
duced by compound 48/80, an in vivo model charac-
terized by a neoangiogenesis process that appears to be
dependent on the release of several mediators, including
PDGF, aFGF, and bFGF [29].

Although evidence of direct inhibition of angiogenic
factors by suramin was not provided in the experimental
models of the present study, the inhibitory effect of
suramin on heparin-binding growth factors could be the
most relevant mechanism of the pharmacodynamic ef-
fect of the drug. Animal studies have confirmed that
suramin inhibits the angiogenesis induced by bFGF [11],
VEGF [21], and hepatocyte growth factor; however, the
drug is ineffective against the neovascularization pro-
duced by platelet-derived endothelial cell growth factor
(PD-ECGF) [13], a peptide that is not bound by heparin.

In conclusion, the present report shows that suramin
is an effective inhibitor of angiogenesis as demonstrated
by in vitro assays and confirmed in in vivo models; the
effects of the drug on the growth of blood vessels could
contribute to its antitumor effect.
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